Introduction {#Sec1}
============

A diverse list of promising applications for ultracold molecular processes governed by quantum mechanics exists. This includes creating new types of sensors^[@CR1]^, advancing quantum information science^[@CR2]--[@CR4]^, simulation of complex exotic materials^[@CR5],[@CR6]^, performing precision spectroscopy to test the Standard Model of particle physics^[@CR7]--[@CR10]^, and, excitingly, the promise of quantum control of chemical reactions^[@CR11]--[@CR13]^ as each molecule can be prepared in a unique ro-vibrational quantum state. In all these applications the ability to control the internal and external degrees of freedom of the cold molecular species is essential. At high temperatures, the state population distribution in molecular gasses is often spread over many quantum states, obscuring the key role of quantum effects. Therefore, over the past three decades much attention of the scientific community has been directed to developing techniques to cool molecules to cold ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$< 1 \, \hbox {K}$$\end{document}$) and ultracold ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$<1 \, \hbox {mK}$$\end{document}$) temperatures as well as study their collective properties in the ultracold domain.

The coldest di-atomic molecules are now produced by magneto- and photo-association from laser-cooled alkali-metal atoms^[@CR6]^. In fact, the associated dimers are prepared in their lowest ro-vibrational level and have translational temperatures below $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1\, \upmu \hbox {K}$$\end{document}$. Despite this success, the association method only provides access to a limited range of molecular species. There exist many molecules, both di-atomic and polyatomic, that can not be easily formed from ultracold atoms. One such molecule is the hydroxyl radical OH as oxygen atoms has not been yet laser cooled. This molecule has attracted attention due to promising applications in precision measurement and quantum computation^[@CR14]--[@CR17]^. In addition, OH is an important molecule in understanding the behavior of interstellar media, astrophysical research^[@CR18]--[@CR20]^, and atmospheric and climate science^[@CR21]^.

Evaporative cooling of hydroxyl, OH molecules loaded from Stark decelerators has so far been the method of choice to create molecular gasses with a few mK temperature^[@CR22]^. Further cooling of these molecules to temperatures below 1 mK is desirable. One of the promising direct cooling techniques, proposed in Refs.^[@CR23],[@CR24]^, is the sympathetic cooling of molecules in thermal contact with laser-cooled neutral atoms. There have been numerous proposals to achieve sympathetic cooling using different atom-molecule pairs. See, for example, Refs.^[@CR25],[@CR26]^. However, for various combinations of atoms and molecules inelastic collisions are projected to occur more frequently than elastic collisions leading to overwhelming trap losses. A favorable elastic-to-inelastic ratio has been predicted for collisions of OH with atomic hydrogen with initial OH temperatures around 250 mK^[@CR27]^.

Sympathetic cooling of the internal states of neutral molecules with laser-cooled neutral atoms is far more challenging. Trap depths for neutral molecules are small and the energy release from vibrational, rotational, and even hyperfine relaxation rapidly decreases the number of cold molecules. On the other hand molecular ions, trapped in deep Penning or Paul traps, can survive sympathetic cooling of the internal states. The method was first demonstrated for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\hbox {BaCl}}^+$$\end{document}$ molecular ion colliding with ultracold calcium^[@CR28]^ and further analyzed in Ref.^[@CR29]^. A collision of this molecular ion with a polarizable ultracold atom encourages the two to thermalize via vibrational relaxation and elastic momentum-changing collisions.Figure 1Relevant two-dimensional potential energy surfaces of non-reactive Sr + OH($\documentclass[12pt]{minimal}
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                \begin{document}$$4\,^2 A^\prime ({\text {F}}^2\Pi )$$\end{document}$ states as functions of *R* at $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta = 0^\circ$$\end{document}$ (dashed-red curves), respectively. Red and blue cones indicate conical intersections between X and F curves. They are located at $\documentclass[12pt]{minimal}
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                \begin{document}$$8.1 a_0$$\end{document}$, respectively. The arrow marks the entrance channel. (**b**) A schematic depiction of the Jacobi coordinates. (**c**) Jacobi coordinates of the SrOH molecule in optimized geometry.

Here, we examine the possibility of sympathetic cooling of external and internal degrees of freedom of OH molecules in their electronic $\documentclass[12pt]{minimal}
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                \begin{document}$${\hbox {X}}^2\Pi _{3/2}$$\end{document}$ ground state due to collisions with ultracold ground-state Sr atoms. We have developed a state-of-the-art quantum coupled-channel description of the OH + Sr system, thereby, allowing the calculations of collisional (elastic) and quenching (inelastic) rate coefficients. Our earlier study of the collisional complex SrOH^[@CR30]^ has proven that symmetry-required conical intersections (CIs) exist between its ground and excited $\documentclass[12pt]{minimal}
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                \begin{document}$$^2 A^\prime$$\end{document}$ adiabatic electronic potential energy surfaces (PESs). Conical intersections are sets of degeneracy points between adiabatic PESs and are common features in the electronic structure of polyatomic molecules^[@CR31],[@CR32]^. They play an important role in ultrafast radiation-less transitions from excited to ground electronic states found in photochemistry, molecular spectroscopy, and quantum reactive scattering^[@CR33]--[@CR36]^. Yet, there remain many fields of physics and chemistry, where the effects of CIs on the collisional dynamics of molecules is not fully understood. Additional studies are required. We focus on the role of CIs in the hyperfine quenching of OH molecules in collisions with ultracold Sr atoms. It is our goal to answer the natural question whether a conical intersection in the collisional complex can influence the quenching dynamics of the free radical.
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Potential Surfaces involved in collisional dynamics {#Sec3}
---------------------------------------------------

The non-reactive collision physics of $\documentclass[12pt]{minimal}
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                \begin{document}$$^{88} \hbox {Sr}(^1{\text {S}})$$\end{document}$ colliding with the tightly-bound $\documentclass[12pt]{minimal}
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                \begin{document}$${v=0,\, J=3/2}$$\end{document}$ ro-vibrational ground-state of $\documentclass[12pt]{minimal}
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                \begin{document}$$R=|{\varvec{R}}|$$\end{document}$ is the separation between Sr and the center of mass of OH and $\documentclass[12pt]{minimal}
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                \begin{document}$$r=|{\varvec{r}}|$$\end{document}$ is the separation between O and H. It is also useful to define angle $\documentclass[12pt]{minimal}
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                \begin{document}$${\varvec{r}}$$\end{document}$. A schematic of the Jacobi coordinates is shown in Fig. [1](#Fig1){ref-type="fig"}b.Figure 2Contour plots of *diabatized* non-relativistic Sr + OH PESs. (**a**--**c**) Contour plots of $\documentclass[12pt]{minimal}
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The relevant electronic structure of the tri-atomic system is well characterized by three non-relativisitic *diabatic* electronic potential surfaces: two shallow nearly-degenerate at large *R* van-der-Waals-bonded potentials labeled by $\documentclass[12pt]{minimal}
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                \begin{document}$$1\,^2 A^{\prime }({\text {X}}^2\Sigma ^+)$$\end{document}$. These surfaces are shown in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}. Where possible, we have estimated the uncertainties of our calculations. For example, in table 3 of our previous publication^[@CR30]^, in which we first presented the electronic states of SrOH, we compared the energies of three stretching and bending levels of the $\documentclass[12pt]{minimal}
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The potential surface of the ionically-bound $\documentclass[12pt]{minimal}
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                \begin{document}$${\hbox {X}}^2\Pi$$\end{document}$) molecule. In our notation of states trimer symmetries $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^2 A^{\prime }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^2 A^{\prime \prime }$$\end{document}$ are further specified by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^2\Lambda ^\pm$$\end{document}$ labels in parenthesis. These describe the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Figure [1](#Fig1){ref-type="fig"}a shows the two $\documentclass[12pt]{minimal}
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We have determined these diabatic potentials and their couplings from *ab initio* non-relativistic coupled-cluster electronic-structure calculation of the SrOH PESs with single, double, and perturbative triple excitations (CCSD(T)) and the equation-of-motion coupled cluster (EOM-CCSD(dT)) method described in detail in our previous study^[@CR30]^. The procedures to diabatize the adiabatic potential energy surfaces, as determined by the non-relativistic electronic-structure calculations, have also been described in this reference.
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We require diabatic PESs for use in coupled-channels calculations of the Sr + OH collision. Only adiabatic PESs, however, are available from electronic structure calculations, here provided by the MOLPRO and Q-CHEM programs^[@CR39],[@CR40]^. In addition, we computed the mixing angles $\documentclass[12pt]{minimal}
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Dynamics in the vicinity of a conical intersection {#Sec4}
--------------------------------------------------
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We have developed a coupled-channels model to calculate atom-dimer quenching rate coefficients for $\documentclass[12pt]{minimal}
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The expansion leads to coupled Schrödinger equations in separation *R* with potential matrix element $\documentclass[12pt]{minimal}
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Figure [7](#Fig7){ref-type="fig"} shows the total elastic and hyperfine quenching inelastic rate coefficients obtained from coupled-channels calculations as a function of collision energy *E* for OH in the hyperfine entrance channel $\documentclass[12pt]{minimal}
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Figure  [7](#Fig7){ref-type="fig"}a,b show elastic and inelastic hyperfine quenching rate coefficients when OH is prepared in hyperfine entrance channel $\documentclass[12pt]{minimal}
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Analysis, based on studying the contributions from individual $\documentclass[12pt]{minimal}
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Figure [8](#Fig8){ref-type="fig"} explains the analysis of the resonances. The figure shows the relevant $\documentclass[12pt]{minimal}
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Finally, we have to note that with current computing capabilities first-principle calculations can not be fully converged with respect to the number of OH rotational states *J* included in our coupled-channels calculations when 100% of the coupling between the $\documentclass[12pt]{minimal}
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Discussion {#Sec5}
==========

We have created computational tools to compute elastic and quenching rate coefficients of the ultracold $\documentclass[12pt]{minimal}
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                \begin{document}$$^{88} \hbox {Sr}+ {}^{16} \hbox {OH}$$\end{document}$ collision in the presence of nonadiabatic coupling between potential surfaces. These tools allowed us to treat the electronic structure and the nonadiabatic nuclear dynamics, dominated by conical intersections, with quantum chemical and quantum dynamical methods. In particular, we have performed state-of-the-art calculations of non-reactive collisional dynamics of hydroxyl with Sr based on three electronic potential-energy surfaces using only a localized region of the tri-atomic nuclear coordinate space.

An important aspect of the investigation has been to answer the question whether conical intersections affect the quenching of the hyperfine levels of the ultracold ground-state OH molecule. We therefore calculated collisional quenching rates under conditions where the conical intersection can be switched on and off. This was achieved by using diabatic electronic basis functions. The results have shown that at low collision energy the conical intersection has important consequences for the collisional properties of OH. Specifically, when OH is prepared in one of its energetically-lowest hyperfine states shape resonances can be observed, which change their location or are absent when the coupling is turned off.

Methods {#Sec6}
=======

**Basis set**: The ultracold non-reactive $\documentclass[12pt]{minimal}
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Spin-orbit interactions and OH rotation are included based on our assumption that trimer electronic states are separable and determined by those in the OH dimer. Then spin-orbit interactions in the $\documentclass[12pt]{minimal}
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